Objectives The aim of the present study was to assess human and bacterial peptidylarginine deiminase (PAD) activity in the gingival crevicular fluid (GCF) in the context of serum levels of antibodies against citrullinated epitopes in rheumatoid arthritis and periodontitis. Materials and methods Human PAD and Porphyromonas gingivalis-derived enzyme (PPAD) activities were measured in the GCF of 52 rheumatoid arthritis (RA) patients (48 with periodontitis and 4 without) and 44 non-RA controls (28 with periodontitis and 16 without). Serum antibodies against citrullinated epitopes were measured by ELISA. Bacteria being associated with periodontitis were determined by nucleic-acid-based methods.
Introduction
The relationship between periodontitis and rheumatoid arthritis (RA) has gained increasing interest in recent years. In contrast to large epidemiological studies finding a weak association between these two diseases [1, 2] , many well-designed pointed investigations show that periodontitis is more prevalent in patients with RA than in those without [3, 4] , and conversely, the prevalence of RA is high among periodontitis patients [5] . Furthermore, patients undergoing treatment for RA show improved periodontal indices [6] , and the disease activity of RA decreases after periodontal therapy [7, 8] .
RA and periodontitis are chronic inflammatory diseases that share several pathological features, including bone and tissue destruction and high levels of inflammatory markers [9] . Exposure to common genetic or environmental factors (e.g., smoking) may contribute to a non-causal association between these two diseases [10] .
RA is an immune mediated multigenic arthritis of unknown origin characterized by the presence of disease-specific autoantibodies against citrullinated proteins [11, 12] . Citrullination is the post-translational modification of arginine residues in polypeptides (peptidylarginine) into citrulline residues. The reaction is catalyzed by a family of five peptidylarginine deiminases (PADs), among which PAD-2 and PAD-4, which are expressed in joints, are important in RA [12, 13] .
Porphyromonas gingivalis, a Gram-negative anaerobic bacterium, is an important etiological agent in chronic periodontal disease [14] . Cysteine proteases, referred to as gingipains, are the main virulence factors of P. gingivalis [15] . While arginine-specific gingipains (RgpA and RgpB) are encoded by two genes (rgpA and rgpB), a lysine-specific enzyme is a product of a single gene (kgp) [16] . In addition, P. gingivalis is the only human pathogen, which produces the unique PAD (PPAD) [17, 18] , also considered as a virulence factor. Because of the PPAD expression, P. gingivalis was proposed as the principal link between periodontitis and RA [19] . The levels of antibodies against P. gingivalis are elevated in patients with RA [20, 21] . Recent work from our group showed that bacterial endogenous citrullination is abundant in P. gingivalis and absent in other oral bacteria, and PPAD citrullinates fibrinogen and α-enolase, which are major autoantigens in RA [22] .
The purpose of the present study was to quantify the activities of citrullinating enzymes derived from both host and P. gingivalis in gingival crevicular fluid (GCF). To determine the contribution of P. gingivalis to the autoimmune character of RA in the context of periodontitis, the PAD and PPAD activities in GCF were correlated with the presence of P. gingivalis and serum antibody levels against citrullinated proteins/peptides in RA patients and non-RA individuals with and without periodontitis.
Materials and methods

Subjects and clinical data
RA patients were recruited from the Department of Rheumatology, Clinical Immunology and Allergology of the University Hospital of Bern (Bern, Switzerland). Patients with chronic periodontitis were enrolled from the Department of Periodontology, University of Bern. Age-matched patients without periodontitis from the Department of Preventive, Restorative and Pediatric Dentistry, School of Dental Medicine, University of Bern, completed the study cohort. The study was conducted in accordance with ethical principles, including those established by the World Medical Association Declaration of Helsinki (version 2008). All individuals signed a written informed consent before participating in the study. The study protocol was reviewed and approved by the Ethical Committee of the Canton Bern, Switzerland (KEK approval #236/10). Exclusion criteria were pregnancy and lactation, uncontrolled medical conditions, systematic periodontal treatment within the last 6 months, and the use of antibiotics within the last 3 months. However, supportive periodontal therapy including supragingival tooth cleaning and, if needed, localized subgingival debridement was not an exclusion criterion.
All subjects were Caucasian and 18 years or older. All patients with RA met the 2010 Rheumatoid Arthritis Classification Criteria of the American College of Rheumatology/ European League Against Rheumatism Collaborative Initiative [23] .
Epidemiologic and anamnestic data [gender, age, smoking, disease activity 28 (DAS28)-erythrocyte sedimentation rate (ESR), medications, and duration of RA] were recorded. All participants were examined by an experienced specialist in periodontology (O.L.) and assigned a Periodontal Screening and Recording (PSR) Index [24] . Individuals with a PSR score ≥3 (probing depth ≥3.5 mm, plaque or calculus accumulation, and bleeding on probing) in at least two sextants were grouped as periodontitis patients (PER). Severe periodontitis was defined by a PSR of 4 (probing depth ≥5.5 mm, plaque or calculus accumulation, and bleeding on probing). Pseudopockets were excluded from the diagnosis of periodontitis. GCF and peripheral blood samples were collected.
Sampling of serum and GCF
Venous blood samples (10 ml) were obtained and centrifuged at 400g for 10 min, and serum was stored at −20°C until analysis.
Crevicular washes were obtained using a previously described method [25] . In each patient, the four deepest sites were chosen. A gel-loading capillary tip was carefully inserted into the crevice at a level approximately 1 mm below the gingival margin. Sequential washes with 15 μl of 0.9 % sodium chloride (two per site) were performed using a micropipette. Washes were pooled and transferred into a microcentrifuge tube, immediately frozen, and kept at −20°C until analyzed. All samples containing blood were discarded.
Microbiological analysis
DNAwas extracted from 5 μl of the pooled GCF washes using the Chelex method [26] . Five periodontopathogens (Aggregatibacter actinomycetemcomitans, P. gingivalis, Tannerella forsythia, Treponema denticola, and Prevotella intermedia) were detected using the microIDent® (Hain Lifescience, Nehren, Germany) according to the manufacturer's instructions. P. gingivalis was analyzed by real-time PCR as described recently [27] .
Activities of citrullinating enzymes
Human PAD activity was analyzed with the antibody-based assay for PAD (ABAP) (Modiquest Research, Nijmegen, Netherlands) according to the manufacturer's instructions. Briefly, 1 μl of GCF was dissolved in 100 μl of deamination buffer. Recombinant human PAD4 was used to generate an activity calibration curve, and 2.0-0.002 mU of human PAD4 was used for the standard curve. Absorbance was measured at 450 nm.
The presence of citrulline and PPAD activity was determined using the modified Boyde and Rahmatullah method [28] , which is based on the chemical modification of the citrulline side chain and colorimetric detection of the derivative. To measure the basic levels of citrullination and PPAD enzymatic activity, 2 μl of GCF in 8 μl of phosphate buffered saline (PBS) was pipetted into each well of 96-well plates, then 40 μl of 10 nM N-Ac-L-Arg-OH (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M Tris and 5 mM DTT was added, and the plate was incubated at 55°C. Of note, human PADs are inactive against C-terminal arginine residues and do not deiminate the Arg residue in Ac-Arg-OH. To measure the basal level of citrullination in GCF samples, 40 μl of PBS was added instead of the substrate, and the sample was immediately treated with 10 μl of 5 M HClO 4 . This basal level of citrullination in crevicular fluid is due to the presence of citrullinated proteins/peptides and free citrulline generated by arginine deiminases, a group of enzymes distinct from PAD/PPAD that acts only on free arginine residues. After 1 h of incubation, 10 μl of 5 M HClO 4 was added to stop the enzymatic reaction. For color development, 150 μl of a freshly prepared 1:2 mixture of solution A (0.5 % diacetyl monoxime and 0.01 % thiosemicarbazide in water) and B (0.25 mg/ml of FeCl 3 in 24.5 % H 2 SO 4 and 17 % H 3 PO 4 in water) was added to each well and incubated at 110°C for 17 min. The optical density (OD) at 535 nm was measured using a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA, USA). The OD read-out was converted to micromole of citrulline using a calibration standard curve prepared using free L-citrulline at 1-100 nmol per well and developed accordingly on the 96-well plate. For each sample, the background (basal) citrulline level was subtracted from the read-out with the substrate and the resulting value represented the PPAD activity in the sample. One enzymatic unit was defined as the production of 1 μmol of citrulline in 1 h at 55°C.
Antibodies in serum
Anti-cyclic citrullinated peptide (CCP) antibodies were evaluated using an anti-CCP ELISA test kit (Euro Diagnostica, Sweden) according to the manufacturer's instructions. Antibodies against gingipain (RgpB), citrullinated and noncitrullinated forms of vimentin, fibrinogen, and enolase were determined by a previously described ELISA method [29, 30] . Briefly, 96-well plates were coated overnight at 4°C with antigen diluted to 10 μg/ml (except for RgpB at 5 μg/ml) with coating buffer. After washing and blocking for 2 h, serum samples were diluted 1:100 and incubated for 1.5 h at room temperature. Plates were washed and incubated with peroxidase-conjugated mouse anti-human IgG (Hybridoma Reagent Laboratory, Baltimore, USA) (1:3000) in RIA buffer for 1 h at room temperature. After a final wash, tetramethylbenzidine substrates (KPL, Gaithersburg, USA) were added to detect the bound antibodies. H 2 SO 4 (1 M) was added to stop the reaction, and the absorbance was measured at 450 nm. Samples were analyzed in duplicate. A standard curve, as a reference control, was constructed for each of the citrullinated peptides, expressed as units per milliliter. Arbitrary units per milliliter were used for antibodies against RgpB, as no standard curve was available.
Statistics
Although there were no data about the presence of citrullinated proteins in GCF available at the beginning of the study, a power analysis was performed by using a study which determined the presence of citrullinated proteins in serum of RA patients with and without periodontitis [31] . Based on the data of that study where 5 of 13 patients without periodontitis and 4 of 55 with periodontitis were negatively tested for citrullinated proteins, our study with p of 0.05 and a power of 0.8 would need a total number of 56 patients. Statistical analysis was performed using PASW 21.0 (SPSS Statistics, IBM Corporation, NY, USA). The chi 2 test was used to compare qualitative data. Quantitative data were compared with non-parametric tests. The Mann-Whitney test was used to analyze differences between independent groups, and associations between variables were determined by the Spearman correlation. The level of significance was set to p = 0.05.
Results
Study cohort
The study included 52 patients with RA who underwent a thorough periodontal examination. Of these patients, four had a healthy periodontium (RA/non-PD) and the remaining 48 were diagnosed with periodontal disease (RA/PD) ranging from mild to severe periodontitis. The DAS28 ESR score of RA patients was 2.73 ± 1.27 and 3.19 ± 1.49 in the RA/non-PD and RA/PD groups, respectively, with no significant difference in the current inflammatory RA disease severity between the two groups. There was no significant difference between the groups in the disease duration (8.75 ± 12.84 and 16.69 ± 11.24 years in the RA/non-PD and RA/PD groups, respectively). Of 44 controls without RA (non-RA), 28 had periodontitis (non-RA/PD) and 16 did not (non-RA/non-PD). Epidemiologic data are presented in Table 1 .
The incidence of severe periodontitis, as indicated by a PSR of 4, was statistically significantly higher in non-RA/ PD patients (89 %) than in RA/PD patients (52 %) (chi 2 , p = 0.001). Within the RA group, the RA disease activity did not differ significantly between patients with moderate and severe periodontitis (DAS28 ESR : 3.08 ± 1.56 vs. 3.34 ± 1.44; p = 0.421).
Bacteria
Periodontal disease severity was not correlated with the presence of P. gingivalis, as detected in the gingival washes. P. gingivalis was detected in GCF samples from 23 (52 %) of 44 control subjects without clinical signs of RA (17 non-RA/PD and 6 non-RA/non-PD) and in those of 36 (69 %) of 52 RA patients (33 RA/PD and 3 RA/non-PD), indicating a higher P. gingivalis prevalence in RA patients than in controls. Nevertheless, the difference between the groups was not statistically significant ( Table 2 ). The only organism showing significant differences between RA and non-RA patients was A. actinomycetemcomitans, which was detected more often in RA patients (chi 2 , p = 0.012). A. actinomycetemcomitans and P. gingivalis were often found together (non-RA 3/5 and RA 14/17 of A. actinomycetemcomitans-positive samples), but there was no significant difference in their co-occurrence between RA and non-RA.
Basal citrullination, PAD, and PPAD activities
Basal levels of citrullination were detected in the gingival crevicular washes of 26 (50 %) RA patients and 23 (48 %) non-RA patients. PAD and PPAD activities were detected in 36 (69 %) and 30 (58 %) RA patients, respectively, and in 30 (68 %) and 21 (50 %) non-RA patients, respectively. Differences between patients with RA and those without were not significant; however, positive results for baseline citrullination and PPAD activity were significantly higher in non-RA patients with periodontitis than in those without (Table 3) .
Quantitative assessment showed no significant differences in basal citrullination and PAD and PPAD activities between RA and non-RA patients (basal citrullination, p = 0.142; PAD, p = 0.893; and PPAD, p = 0.633). Basal citrullination levels and PPAD activities were significantly higher in GCF washes of non-RA/PD than in those of non-RA/non-PD patients. PAD and PPAD activities were significantly higher in the RA/PD group than in the RA/non-PD group (Fig. 1) .
Serum samples
The levels of antibodies against CCP and citrullinated enolase (CEP-1) were elevated in RA patients with no differences between the RA/PD and RA/non-PD groups. Anticitrullinated fibrinogen (Cfibr) antibody titers were higher in RA than in non-RA patients, and non-RA/PD patients had higher amounts of IgGs against Cfibr than non-RA/non-PD patients. Antibodies against citrullinated vimentin (Cvim) were high in RA patients, especially in those with periodontitis, with significant differences between the RA and non-RA pair and between the RA/PD and RA/non-PD groups (Fig. 2) .
Among non-RA subjects, the levels of antibodies against RgpB, a P. gingivalis cysteine protease, were higher in non-RA/PD than in non-RA/non-PD subjects, whereas no differences were observed between the RA-groups (Fig. 3) . AntiRgpB antibody levels were higher in patients testing positive for P. gingivalis in plaque than in those testing negative (p < 0.001). Associations of PAD and PPAD activities in GCF PAD activity was not significantly correlated with other variables; however, PPAD activity in GCF was positively correlated with basal citrullination (R = 0.260, p = 0.011) and serum levels of antibodies against RgpB (R = 0.271, p = 0.008). PPAD activity was not associated with P. gingivalis counts. PPAD activity was detected in 35 of 59 P. gingivalis-positive samples and in 16 of 37 P. gingivalis-negative samples, with the difference between the groups being not significant (p = 0.145).
Discussion
In this study, we determined in GCF of RA and non-RA patients, with and without PD, activity of human PAD, and for the first time of PPAD. The elevated activity of both enzymes was clearly associated with PD but to a less extent with RA and the presence of P. gingivalis. Increasing evidence suggests that RA is associated with a high prevalence of periodontal disease [5, 31] . In the present study, 48 (92 %) of 52 RA patients were diagnosed with periodontitis, confirming the association between these two diseases. It was not possible to include more than four RA patients without periodontitis. Following, comparisons between RA/non-PD and RA/PD patients have to be considered with care. However, the severity of the periodontal disease was lower in RA patients than in non-RA patients. Data on periodontal health rank Switzerland as the healthiest among European countries [32] , and most RA patients in the present study had received continuous supportive periodontal treatment. However, the non-RA periodontitis group was recruited from the Department of Periodontology at the University of Bern, which is a specialized center for treatment of severe periodontitis.
Antibodies against CCP, which are disease-specific in RA [33] , are also detectable in GCF [34] . In the present study, serum anti-CCP IgGs were high in RA, whereas no differences were observed between RA/non-PD and RA/PD patients. These results contradict those of previous studies showing that anti-CCP levels are associated with periodontal disease in RA [31, 35] . However, a different study found no correlation between six citrullinated peptides and periodontal disease in first-degree relatives of RA patients [36] .
The correlation between anti-CCP and P. gingivalis infection in RA patients remains unclear. A weak correlation between anti-P. gingivalis and anti-CCP antibodies was reported [37] , whereas this relationship was questioned in an earlier study [20] . Our results showed no correlation between anti-CCP and anti-RgpB antibodies in RA and non-RA patients, which is in agreement with the latter study and suggests that periodontitis per se is not sufficient to induce RA.
Antibodies against citrullinated vimentin and enolase are highly specific antibodies in RA [38, 39] , and our present results confirm this observation. RA/PD patients showed high levels of anti-Cvim IgGs. Autoantibodies against citrullinated vimentin induce osteoclastogenesis [40] . Vimentin, a major protein of intermediate filaments, is produced in epithelial and mesenchymal cells [41, 42] and is abundant in periodontal ligaments [43] and in gingival connective tissue cells in the periodontium [44] . It is likely that the inflamed periodontal tissue is a source of citrullinated vimentin, which induces the production of antibodies. Fibrinogen, which is found in GCF in periodontitis patients [45] , may function as an autoantigen in its citrullinated form, inducing autoimmune response in the Table 3 Rheumatoid arthritis (RA) and non-RA patients with and without periodontal disease (PD) whose GCF samples were positive for basal citrullination and the activities of human peptidyl arginine deiminase (PAD) and P. inflammatory milieu of chronic periodontitis. Therefore, our findings showing significantly higher levels of antiCfibr in non-RA/PD than in non-RA/non-PD patients are important. Data on the subgingival microbiota in RA patients are limited. A multiplexed 454-pyrosequencing study of 31 patients with new-onset RA, 34 with Bchronic^RA, and 18 without RA showed an association between the microbiome and periodontal status [46] . However, another study found no differences in the subgingival occurrence of P. gingivalis between RA and non-RA controls [47] . In the present study, we used a cutoff between 10 3 (A. actinomycetemcomitans) and 10 4 bacteria to identify bacterial species associated with periodontitis. Therefore, only samples in which the bacterial counts were above the threshold level were included. In addition, we used a sensitive real-time PCR method for P. gingivalis detection. In our study cohort, the presence of P. gingivalis was not associated with RA. A. actinomycetemcomitans was more prevalent in the microbiome of RA patients, including the comparison between the RA/non-PD and non-RA/ non-PD groups (p = 0.013), suggesting that the role of A. actinomycetemcomitans in RA needs to be determined. Studies that used whole cells of A. actinomycetemcomitans as antigens showed no differences in antibody levels between RA and non-RA patients [20, 48] ; however, higher antibody levels against A. actinomycetemcomitans heat shock protein 40 were found in RA than in non-RA patients [49] .
The main purpose of the present study was to determine the activities of citrullinating enzymes, particularly PPAD, within the periodontium. The presence of citrullinated proteins in periodontal tissue, particularly in infiltrating inflammatory cells, was recently reported in non-RA subjects [34, 50] . PAD-2 and PAD-4 expression was detected in periodontal tissue at the protein and mRNA levels [34] . Here, we confirmed the presence of citrullinated proteins and PAD activity in GCF and their association with periodontitis. However, no difference between the RA and non-RA groups was observed, suggesting that citrullination and PAD activity are primarily associated with inflammation and bone destruction in the periodontium and not with RA. In addition to human endogenous PAD activity, we measured PPAD activity in GCF. The preferred substrates of PPADs are C-terminal arginine residues, which cannot be citrullinated by human enzymes, allowing distinction between host and P. gingivalisderived peptidylarginine deiminase activity. In addition, PPAD activity was increased in periodontitis samples from RA and non-RA patients, whereas no correlation with PAD activity was found. The significant but weak correlation with basal citrullination underlines that PPAD activity contributes but is not the sole source of citrullination in GCF.
PPAD catalyzes the citrullination of fibrinogen, human and bacterial enolase [22] , fibrin, and vimentin [51] and inactivates epidermal growth factor and C5a, hindering tissue repair and antibacterial immune responses, respectively [52] . PPAD accelerates the development and aggravates collagen-induced arthritis in mice [53] . In the present study, PPAD activity was detected in samples negative for P. gingivalis. In these samples, the activity of PPAD was not correlated with that of host enzymes. These patients had high levels of serum IgG against PPAD-derived peptides, suggesting a lingering P. gingivalis infection hiding within epithelial cells [54] . PPAD activity in C-terminal Arg residues can be detected at very low enzyme concentrations, as shown by the citrullination of an insulin-derived peptide by low levels of PPAD contaminating a purified P. gingivalis protease sample [55] . Therefore, PPAD secreted by P. gingivalis residing in epithelial cells may exert its citrullinating activity in distant regions of the periodontium or even distant tissues.
In summary, moderate periodontitis is highly prevalent in RA-patients. With no difference between RA and non-RA individuals, human endogenous and P. gingivalisderived peptidylarginine deiminases are active in vivo and can citrullinate proteins and peptides in the chronic inflammatory environment of the periodontium. In non-RA susceptible periodontitis patients, this may contribute to breaching immunotolerance, leading to the development of autoantibodies.
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